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JOHN W. SCOTT. 


Several years ago while engaged in working out the develop- 
ment of the unfertilized eggs of Amphitrite I had occasion to col- 
lect large numbers of these worms. Mead, who worked on the 
cell-lineage of this annelid, had stated that nothing was known 
of their breeding season but that ripe sexual products could be 
had at irregular intervals during June, July and August. Col- 
lecting therefore during 1902 and 1903 was entirely at random. 
Incidentally the opportunity came to observe something about 
their egg-laying habits. During 1907 and 1908 I have used 
eggs of the same species for the study of other problems and 
have had a chance to further verify and extend the observations 
previously made. I wish here to express my appreciation to the 
directors of the Marine Biological Laboratory for their kindness 
and encouragement in helping me to prosecute this work. 

The observations mentioned in this paper pertain to two ques- 
tions in particular. I have always experienced considerable dif- 
ficulty in obtaining, when wanted, mature sexual products of 
Amphitrite. The first question therefore deals with the time of 
egg-laying, in the hope that future investigators on this species 
may be saved some trouble and disappointment. The second 
question is concerned with the manner of depositing eggs. The 
eggs and sperm float free in the body cavity and these products 
are usually in various stages of development. This is true even 
at the time when worms deposit the mature products in a manner 
apparently normal. How is it possible to retain the ccelomic 
corpuscles and the unripe eggs and deposit the ripe sexual 
products? Ina number of instances I have observed the act of 
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depositing eggs or sperm in the laboratory and I studied espe- 
cially the manner of depositing the eggs. 


My results in general are as follows. First, the egg-laying 


reflex is closely associated with the time of spring tide, the 
height of the season occurring at the time of new or full moon, 
or within two days after these dates. The best results were 
obtained in July, z. ¢., a larger percentage of mature worms may 
be collected during this month than during any other. In early 
summer the period of sexual activity tends to occur a day or so 
later than the time mentioned, while in late summer the period 
tends to be earlier by the same amount. In regard to the second 
question I may say that the ripe and unripe products are not 
kept separate in laying with absolute exactness. Though among 
the first few hundred eggs deposited it is hard to find even one 
that is immature, toward the close of any given period of ovi- 
position the immature eggs form a considerable percentage of 
the total number. But how does the worm keep these eggs 
apart in the first part of the period? A full consideration of this 
question is given later. 

In order to understand the discussion of the two questions 
concerned it will first be necessary to say something of the habi- 
tat of this form and the environment under which it lives. 
These worms live in U-shaped, rather tough, mud tubes that 
break easily in digging. At one of the openings of the tube, 
sometimes at both, there is a volcano-shaped mound of sand or 
earth. The two openings are ordinarily from ten to eighteen 
inches apart and the depth of the lowest part of the tube is about 
three fourths the distance between the openings. The worms 
were collected in six different localities in the vicinity of Woods 
Hole. In these localities at the time of spring tide extreme 
high water and extreme low water differ by two to three feet. 
The tubes are found most abundantly on sandy flats which may 
vary from fine sand to a rocky character ; they are also occasion- 
ally formed on sandy mud flats where the tide produces little 
current. The vertical distribution of the tubes is also compara- 
tively limited. At the time of extreme low water tubes are 
rarely found beyond a depth of twelve or fifteen inches, and 
very few are found more than twelve inches above this line. 
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Probably two thirds of the tubes are within six inches, in a ver- 
tical direction, of this low water line at spring tide. The worms 
are more abundant on flats which are somewhat protected from 
strong currents. When the tide is running and the water com- 
paratively shallow, it is quite common to see the worms at one 
of the openings, apparently feeding, the mouth just below the 
pit of the “volcano,” and the numerous tentacles extending out 
for several inches in radial directions. It was found impossible 
to observe the deposit of sexual products under natural condi- 
tions, and this careful description of their habitat is given in 
order that we may better interpret the results obtained in the 
laboratory. 


I. Time or Eco-Layinec. 


Verrill in 1871-2 described the occurrence of an annelid in 
Vineyard Sound to which he gave the name Amphitrite ornata 
Verrill. Several years later he gave the credit for the original 
description to Joseph Leidy who in 1855 had described what ap- 
pears to be the same species under the name of Zeredella ornata 
Leidy. No mention is made of egg-laying habits in either of 
these papers. To Mead belongs the credit of recording the first 
observations of this kind. He writes: ‘“ The limits of the breeding 
season are unknown. Although about eight hundred worms 
were collected in lots of twenty or thirty between the first of 
June and the last of August, only seldom were ripe eggs and ripe 
spermatozoa obtained. It is useless to cut the worms open, for 
if the sexual products are mature, they will be discharged, usually 
at about six o'clock in the evening, more often on the day of 
capture, sometimes the next day.’’ I found little difficulty in 
verifying most of these results. 

Amphitrite must necessarily be collected in the day time and 
when the tides are low. They were collected in quantities, from 
twelve to seventy-five specimens in each lot, and it is estimated 
that about two thousand adult worms were examined in the 
course of the four seasons during which their habits were under 
consideration, When dug they were washed free from the mud 
tube and placed in a bucket of sea-water to be carried to the lab- 
oratory. At times the males and females were placed in separate 
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buckets, but this practice was not often followed, for placing the 
sexes together did not cause them to discharge sexual products. 
In the laboratory all worms were carefully washed and isolated in 
separate dishes of sea-water. Eggs rarely fertilize if removed by cut- 
ting open the body wall ; if any considerable number are mature 
they will later be discharged in an apparently normal manner. The 
quotation from Mead, concerning the scarcity of ripe eggs and 
ripe spermatozoa, gives an accurate idea of my own results in that 
particular. But the time of discharge appears to be not so definite 
as one might think if guided solely by his description. Table I. 


TABLE I. 


lime 


3 2\1 
e) 8 Ris 16 §|§|2 
Showing time of day when mphitrite begin to deposit sexual products. In 


the earlier work no record was kept of the males, hence the small number given in 
this table. 


gives little support to his statement in regard to the time of day 
at which the worms deposit their eggs. As will be observed 


twelve of these worms, nearly one half of the entire number, de- 
posited their sexual products between 6:00 and 8:30 P.M. An 
almost equal number shed their products between 2:00 and 5:00 
o'clock, and two specimens were ovipositing between II : 00 
A.M. and1:o00 P.M. Injury will sometimes cause Amphitrite 
to throw off their eggs, and of course it is possible that these two 
worms were injured in some way. However another fact must 
not be overlooked. It was noticed that nearly all worms depos- 
ited products from three to five hours after the low tide at which 
they were collected. This fact is undoubtedly important and 
probably explains some of the discrepancies found in the table. 
In a few instances collections were made between 5 :00 and 8:00 
A. M.; more frequently they were brought to the laboratory 
about noon ; but, owing to local conditions, by far the largest 
number of worms was collected when the low tide occurred in 
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the afternoon. I believe this tendency to deposit eggs in the 
afternoon or early in the evening may be accounted for in the 
following way. When low tide occurs near mid-day or early 
afternoon, the sand flats are more exposed and reach:a higher 


temperature than under ordinary circumstances. Metabolic 
changes are undoubtedly more active at these times and for a few 
hours immediately following. As a consequence, if the worms 
behave in their tubes as they do in the first few hours in the lab- 
oratory, the eggs are laid on a rising tide about the time of slack 
water. This time would be favorable for fertilization on account 
of the absence of strong currents. Some five hours later, the 
young blastula is ready to swim, as shown in a previous paper 
('06). 
TABLE 


Days Before. / Days After. 

S| 413 ant ‘ 3) 4) 5 

Females I 
Pi iccioneases 


Females 
(injured) 
Males (injured ) 
Total 
Number of times 
collected { §|3)7|4|5 6/3)\3 


Shows time at which eggs and sperm were deposited in reference to spring tide. 
Also the number of collections made in reference to the same period. 


In all sixty-five experiments are here recorded, scattered 
pretty evenly throughout the summer from June 24 to August 
23. In 1902 I was working on the unfertilized egg and few 
attempts were made at fertilization ; hence the data are rather in- 
complete for that year. At first glance my data do not appear very 
significant, but one readily notices a general tendency for the ovi- 
position to occur near the time of spring tides. This is especially 
true in those experiments where I found mature sexual products 
in greatest abundance. For example, in 1902 the best success in 
fertilization occurred on July 7, two days after new moon; in 
1903 the best results obtained for the season were at the time of 
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new moon and the day following, July 23 and 24; in 1907 best 
results happened on July 26, two days after full moon; and in 
1908 at new moon, July 28. The full meaning of these facts, 
however,.is best brought out in Table II. Here I have shown 
the day on which eggs and sperm were deposited in the labora- 
tory in reference to spring tide. In all I have recorded 38 
instances where Ampjitrite have shed eggs or sperm in an appar- 
ently normal manner. Twelve of these were known to be in- 
jured, and consequently their data are unreliable. But of the 
twenty-six uninjured worms twenty-three (88 per cent.) shed their 
products on or within two days of spring tide ; twenty-four worms 
(92 per cent.) shed products within three days of spring tide ; only 
one worm deposited eggs five days, another seven days, after the 
period named. Of the injured worms nearly sixty per cent. de- 


posited products within two days of this period, while thirty-three 
per cent. missed the spring tide by more than four days. This 
suggests the possibility that, of those worms given as uninjured, 
perhaps the last two were injured internally. Again, the table 
shows that more worms laid eggs or sperm on the day of spring 


tide than on any other day ; that the next largest number deposited 
products on the day following ; that practically all sexual products 
are deposited within three days of spring tide with a tendency to 
follow rather than to precede this period. That the distribution 
of these figures is not due to a like distribution of the number of 
times worms were collected, is shown clearly by comparing them 
with the figures in the last line of the table. 

In order to make a further test of the hypothesis that ripe 
sexual products are deposited most abundantly at the time of 
spring tide, on July 17, 1909, the date of the new moon, twenty 
adult Amp/itrite were collected. Of this number twenty-five 
per cent., three females and two males, deposited ripe products, 
thus giving excellent confirmation to the hypothesis. The ques- 
tion arises how may we account for the periodicity in the time 
of egg-laying. Observations that have been made upon some 
other forms will help in our explanation. 

Mayer (’02) has described the interesting case of the breeding 
habits of the Atlantic palolo. This worm “swarms at the sur- 
face before sunrise within three days of the day of the last 
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quarter of the moon between June 29 and July 28.” “ All eggs 
mature simultaneously at the time of the normal swarm.”’ Later 
observations (’09) show that the time of swarming is not so 
definite as at first supposed. ‘‘ When the last quarter of the 
moon falls late in July there may be a response to the first 
quarter as well as to the last quarter.” ‘A dense swarm 
occurred on July 10, 1908, a fairly dense swarm on July Ig.” 
This behavior shows that a particular change of the moon has 
no direct effect on the time of swarming, as the moon was in first 
quarter July 6 and in last quarter July 20. Mayer also per- 
formed an important experiment to test the effect of tides on the 
time of swarming. He writes as follows : ‘‘ Some worms swarmed 
normally on July 19 out of the rocks which had been maintained 
in a floating (tideless) live car for the six weeks previous to the 
swarm.” This experiment appears to demonstrate that tides are 
without direct effect in producing the swarm. But, as Mayer 
concludes, it ‘‘may indicate that the changing pressure due to 
rise and fall of tide over the reefs is a contributory but vot a nec- 
essary component of the stimulus which calls forth the breeding 
swarm.”’ 

However, it is known that the tide may form a sort of habit in 
the action of some animals. Gamble and Keeble (’06) have de- 
scribed a small, green, sedentary turbellarian, Convoluta roscof- 
Fensis, that occurs on the coast of Brittany. ‘It exhibits a peri- 
odic vertical movement whose rhythm is that of the tide.’’ 


When the tide is out, they come to the surface, forming green 


patches on the sand. When the tide comes in they retreat 
below the surface into safer quarters. The remarkable fact is 
that when removed from the effects of tidal action by being kept 
in an aquarium, Conxvoluta continues to perform rhythmic move- 
ments in time with the tide. ‘“ The rhythm is not profoundly 
impressed upon it; after a day the movements of the patch in 
the vessel cease to synchronize with those in the open.’’ This 
illustration suffices to show how an action may arise in relation 
to the tide without depending directly upon it. 

In Amphitrite it has been observed that feeding is more con- 
tinuous and more active as the time of spring tide approaches. 
At such times the great mass of tentacles radiate from one 
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opening of the tube and actively explore the vicinity for a dis- 
tance of several inches. Their food consists of small bits of 
organic matter carried to the mouth through the action of cilia. 
One result of the feeding activity is seen in the fact that the 
immature eggs or sperm grow and mature very rapidly during 
the last few days immediately preceding the sexual period. 
Undoubtedly, this increased activity of the organism is stimulated 
by the higher temperature of the sand flats at the time of spring 
tide. The alternate increase and decrease in the depth of the 
water, thus altering the pressure, probably has some influence 
and the food supply at this period is certainly more abundant. 
We must conclude therefore that te influence of the tides or 
moon is entirely secondary. The sexual activity in these worms ts 
closely associated with a similar rhythmical period of greater 
bodily activity ; and this greater bodily vigor of the animal is 
induced by conditions that depend upon the tides. Furthermore, 
the periodic sexual reflex has acquired a sort of physiological 
basis in the organism, for the worms deposit sexual products 
normally, when removed ‘from the influence of the tide. Still 
this reflex has not become a habit in the animal, at least not a 
strong one, for if a worm does not deposit its products within a 
few hours after being captured it rarely does so, and then not 
later than the following day. 


Il. Mernop oF Ecc-Layine. 
The eggs of Amp/utrite break loose from the matrix of the 
germinal epithelium in early stages of development and complete 
their growth while floating free in the coelomic fluid. In a 


single worm they are usually found in the various stages of 


development. When first collected, all worms go through with 
a series of rhythmic movements of the body. When performed 
in the tube, these movements are evidently for the purpose of 
aeration, and they are kept up for some hours after the animals 
are removed from .the tube, gradually diminishing in intensity. 
Each series of movements begins as a contraction near the pos- 
terior end of the body and travels forward ; a second contraction 
follows, and frequently a third has begun before the first has 
disappeared. Between the contractions are wave-like enlarge- 
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ments that serve as moving valves to pump the water slowly 
through the tube. This pumping action may be demonstrated 
by placing a recently captured, uninjured worm in a U-shaped 
glass tube of suitable size. When Amphitrite is about to deposit 
its eggs the movements become more rapid and frequently more 
violent than usual. Quoting from my notes, the further process 
is somewhat as follows : ‘‘ While the worm’s body is undergoing 
the series of slow peristaltic movements, consisting of contrac- 
tion-waves that begin near the posterior end and travel forward, 
the eggs ooze out in string-like, sticky masses that are soon scat- 
tered by the movements of the body, or by currents of water. 
The eggs are extruded through five openings in the anterior 
region of the body, the first opening being on the second seg- 
ment back of the third pair of gills, or the sixth body segment, 
not counting the prestomium. Sperm is extruded through sim- 
ilar openings of the same number and location.’”’ These open- 
ings are nephridiopores that have become specialized as gona- 
ducts, and it should be added that they are laterally placed, 
lying between the dorsal and ventral chztigerous lobes. 


In a previous paper I have mentioned the fact that the eggs 
are greatly flattened in the polar diameter at the time of extrusion, 
and that the first polar spindle is in the metaphase. I have also 
mentioned above the fact that these worms possess the power- of 


separating ripe and unripe eggs in the process of oviposition. 
How is this accomplished? Some dissections were made in an 
attempt to answer the question. It was found that this species 
possesses the same general arrangement of internal organs as 
that of other Amphitrite described by Meyer (’87). ‘Alle Ne- 
phridien der Terebelloiden, sowohl die vorderen als die hinteren, 
miinden im Bereiche desjenigen Korperzonites, welchem sie an- 
gehoren, einzeln und unabhangig von einander nach aussen ; ihre 
Wimpertrichter haben eine intersegmental Lage und offen sich 
stets in das nachst vorangehende Segment.’’ All the septa in 
the Terebellidz are incomplete with one exception ; this one, the 
diaphragm, is strongly developed and separates the anterior 
region of the body cavity from the rest. In the species here 
described the diaphragm is between the fourth and fifth body 
segments. The external openings of the excretory nephridia open 
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on the third, fourth and fifth segments, but the inner openings 
are all anterior to the diaphragm. The inner openings of the 
post-diaphragmatic nephridia are fimbriated membranes, consist- 
ing of dorsal and ventral portions in close apposition, covered by 
cilia; each of these openings leads into a large membranous sac 
that is well supplied with blood capillaries and is also ciliated. 
These nephridia serve as gonaducts, and probably serve also as 
excretory organs. When egg-laying was first observed, I thought 
the collapse of the egg in the polar diameter might have a direct 
relation to the separating process, but there is nothing in the 
structure of the nephridia to indicate that the eggs undergo a 


sifting process. Besides the coelomic corpuscles do not escape 


and they are smaller than either ripe or unripe eggs. 

Somewhat similar phenomena have been observed by Gerould 
('06) in Phascolosoma. “ A few hours before egg-laying occurs, 
the nephridia become distended with atransparent fluid.” ‘‘ Ova 
that are ready for maturation, having the spindle of the first polar 
body in metaphase, are swept from the ccelom into the nephridia 
by the action of cilia which give rise to strong currents within 
the nephridium, setting from the nephrostome backward towards 
its posterior extremity. This is a most interesting process in 
that both the immature ovocytes, which are present in great 
numbers in the ccelomic fluid, and the ccelomic corpuscles are 
excluded from the nephridium, while the fully grown ovocytes 
are collected there in great numbers.’’ Gerould presents a 
tentative explanation somewhat as follows. The transparent 
fluid, he thinks, is sea-water, taken in through the nephridi- 
opore, and he believes that ova in the early stages of maturation 
probably absorb water while within the nephridium. “If eggs 
in the earliest stages of maturation show a tendency within the 
nephridium to absorb sea-water, may it not be assumed that ova 
at that stage are positively hydrotropic? On this supposition 
we may explain why such eggs are caught up from the ccelomic 
currents into the nephrostomal region, and thence carried into 
the nephridium.” This assumption, however, is not to be seri- 
onsly regarded and is, I believe, incorrect ; at least it is incorrect 
in the case of Amphitrite. 

It is rather an easy matter to separate the ripe eggs from the 
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immature ones and from the ccelomic corpuscles by decanting 
after stirring the mixture in sea-water ; the largest ova and the 
ripe eggs, those with the first maturation spindle in metaphase, 
always settle more quickly to the bottom of the dish. The im- 
mature eggs then settle, and last of all the ccelomic corpuscles. 
[t ts not an assumption, therefore, to say that the largest ova includ- 
ing those in the early stages of maturation, are more quickly influ- 
enced by gravity than the other bodies floating in the caclomic fluid. 
This is the important fact, and is no doubt due to the larger 
amount of yolk in such eggs.' 

If, as Gerould supposes, a hydrotropic attraction is necessary 
to separate these eggs from the other bodies in the ccelomic 
fluid, then this influence would be useless for the purpose of 
separation when the contents of the body cavity are emptied in 
sea-water. For, surrounded by water, the hydrotropic influence 
would act in all directions and result in equilibrium. Such is 
not the case. Indeed, Gerould noticed such facts and in ap- 
pendix B describes how large individuals should be opened in 
sea-water. ‘‘ When the female with an abundance of eggs is 
found, the maturer ovocytes should be allowed to settle to the 


bottom, whereas the smaller ovocytes and ccelomic corpuscles 


should be decanted after a few seconds, and before they have 
had time to sink.” 

That gravity forms the differential by which the separation 
takes place is supported by a considerable number of facts. In 
the course of one period of oviposition, usually extending from 
one to one and one half hours, the eggs at first deposited are 
practically all in the metaphase of the first polar spindle; in the 
latter part of the period there is always a considerable number, 
and sometimes a majority, of ova deposited with the germinal 
vesicle intact. Upon killing a worm that is through egg-laying, 
one may still find a few scattered eggs in early maturation. If 
the separation depended upon a tropism, one does not see why 
it should be so much more complete at one time than another. 

' Whether this tendency of large ova to settle quickly is due to a greater specific 
gravity, or to a greater mass in proportion to the amount of surface offering resistance, 
the end result is the same. This question must be decided by further investigation. 


In this paper we shall speak of the large ova as though they had a greater specific 
gravity than the smaller ccelomic bodies. 
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Again, the nephridia are not extraordinarily large, and each 
must be refilled many times in the course of one oviposition 
where thousands of eggs are deposited. Nor do the nephridia 
ever seem to be entirely filled with eggs; at least such is the 
case in worms that are killed almost instantly with hot sublimate 
acetic while in the act of oviposition. The meaning of this will 
appear in the explanation. It is also manifestly clear that the 
movements of the body referred to before, cause the body con- 
tents to move forward toward the diaphragm. As a rule, each 
effective contraction-wave stops a short distance posterior to the 
nephridia and holds for a moment the compressed ccelomic con- 
tents in the much distended anterior portion of the body. Dur- 
ing the final part of a contraction-wave, a stream of eggs oozes 
out a short distance from each nephridiopore posterior to the 
diaphragm. The contraction movements, therefore, are neces- 
sary for the expulsion of the eggs. 

The explanation which I believe accords best with all the 
known facts is as follows: First, it should be remembered that 
the nephridial sacs always occupy a lower position with reference 
to gravity than the nephrostome, whether the worm lies in a 
horizontal or vertical direction. We may then think of the 
nephridia as settling basins in which the heavier products are 
drawn off from the bottom after a certain amount has accumu- 
lated. Ciliary action undoubtedly would prevent lighter objects, 
such as the coelomic corpuscles and the unripe eggs from set- 
tling in the basin ; and when a sufficient quantity of the ripe eggs 


(heavier objects) have accumulated, pressure from the strong 
contraction-wave forces them through the nephridiopore. The 


separating process probably takes place during relaxation, be- 
tween contraction waves. Owing to the opacity of the worm’s 
body, it is impossible to actually observe this process, but all of 
the facts point to this simple explanation. 


SUMMARY. 

1. In Amphritite ornata Verrill, the egg-laying reflex is closely 
associated with the time of spring tide; the height of any given 
period of egg-laying always occurs within two days of the time 
of new or full moon. Periods of oviposition occur in June, July 
and August. 
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2. The moon does not have any direct influence in producing 
the period of sexual activity. It is probable that the tide also 
has little, if any, direct effect on the process. 

3. At spring tide, the worms feed more actively, the food sup- 
ply is more abundant and the sand flats have a higher tempera- 
ture. As this period approaches we also find a more rapid growth 
and development of immature eggs and sperm. Therefore, the 
period of sexual activity is closely associated with a synchronous 
period of greater bodily activity, and this greater vigor of the 
animal is induced by conditions that depend upon the tide. In 
this way we may explain how oviposition in Amphritite has be- 
come a sort of reflex habit associated with the time of spring tide. 

4. When a worm is sexually mature, the coelomic fluid contains 
ccelomic corpuscles and eggs in various stages of development. 
At oviposition the worm extrudes ripe eggs, and toward the end 
of the process some of the immature ones, but always retains the 
much smaller coelomic corpuscles. 

5. Since the mature eggs sink faster in sea-water than the 
smaller immature ones, and all eggs sink faster than the coelomic 
corpuscles, it is believed that the larger eggs have a greater 
density than the other bodies in the ccelomic fluid ; and it is en- 
tirely probable that the apparent selection of ripe eggs and the 
rejection of immature ones is due to the different effects pro- 
duced by nephridial currents upon bodies of apparently different 
densities. 

6. The position of the nephridial sacs, and the arrangement of 
cilia on the nephrostomes and within the sacs, is such that we may 
regard the nephridia as a set of settling basins in which the sepa- 
ration takes place. Contractions of the worm’s body then aid in 
expelling the ripe eggs from the nephridial sacs. 
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ON THE USE OF MAGNESIUM IN STUPEFYING 
MARINE ANIMALS. 


ALFRED G. MAYER. 


It is well known that Tullberg, 1892, discovered that an excess 
of magnesium added to sea-water causes anesthesia in marine 
animals, thus permitting them to be killed in an expanded state. 

During the course of some physiological experiments carried 
out at the Marine Laboratory of the Carnegie Institution of Wash- 
ington at Tortugas, Florida, I found that marine animals can be 
anesthetized much more rapidly and completely than by Tull- 
berg’s method if we simply place them in a pure aqueous solution 
of MgSO, or MgCl, of three eighths molecular concentration. 
They then subside into complete relaxation without initial stimu- 
lation, and after remaining for an hour or two in the solution they 
may be killed in any manner whatsoever without becoming dis- 
torted through contraction. Some distortion is often produced 
in Tullberg’s process, due to the calcium and sodium of the sea- 
water, but in a pure aqueous solution of magnesium the relaxa- 
tion of the muscles is complete. This method has been tried 
upon scyphomedusz, ctenophore, actinians, annelids, nemertians, 
phascolosoma, and nudibranchs with marked success, and appears 
to be especially suitable for the stupefying of highly sensitive and 
contractile marine animals which become hopelessly distorted if 
killed by ordinary methods. 

It is interesting to observe however that while magnesium is 
the most potent anesthetic for the neuro-muscular system it is 
the most powerful stimulant among the ions of sea-water or of 
blood-salts for the movement of cilia. Indeed I find that the ions 
of Na, Mg, K and Ca affect cilia in a manner the exact opposite of 
their effect upon muscles and nerves. Thus Nais the most power- 
ful neuro-muscular stimulant, and the most pronounced inhibitor 
for the movement of cilia. Mg is the greatest inhibitor for nerves 
and muscles and the strongest stimulant for the movement of cilia. 
A weak concentration of K at first excites and then depresses the 
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neuro-muscular system, and at first subdues and afterwards stimu- 
lates the movement of cilia. Cais a depressant for nerves and 
muscles but a weak stimulant for cilia. NH,Cl is a primary 
stimulant for muscles but soon produces depression, while upon 
cilia its effect is the reverse, a primary cessation of movement 


being followed by recovery. The CO, ion inhibits muscular 


activity, while in weak concentration it produces a primary de- 
pression of cilia followed by a recovery of movement. 





REGENERATION IN FUNDULUS AND ITS RELATION 
TO THE SIZE OF THE FISH. 
G. G. SCOTT. 

Przibram (’09) in his treatise on regeneration has reviewed the 
work bearing on the relation between the age of the animal and 
the ability to regenerate. The general conclusion is in the form 
of a law — “‘ Die Regenerationsfahigkeit nimmt mit zunehmenden 
Alter eines Tierexemplares ab—.” Inthe Bio_ocicaL BULLETIN 
(07) the author came to the conclusion that the regeneration of 
the caudal fin of Fundulus heteroclitus was greater in the shorter 
than in the fishes of medium length and greater in these than in 
the longest fishes. 

That conclusion was reached by comparing the average specific 
regeneration of the various groups. The specific regeneration is 


obtained by dividing the actual amount regenerated by the length 


of the animal, giving as a result the percentage amount regener- 
ated by that specimen. This term was introduced by Zeleny. 
Now if we take any number and divide it successively by a series 
of numbers each greater than the preceding we will obtain a series 
of quotients each successively smaller and smaller. On referring 
to the experiments in his former paper the author found that the 
actual amounts of regeneration differed but little in the various 
specimens used, while the length of the animals increased, so that 
the case is as stated above —z. ¢., that the greater specific regen- 
eration in the shorter fishes is due largely to the fact that the 
divisor in case of short body length is smaller than the divisor in 
case of long body length, while the dividend (the actual amount 
regenerated) is about the same, so that naturally we should get 
smaller and smaller quotients, which in this case would be specific 
regeneration. This is seen when we refer to the former paper. 

To test the matter further the writer repeated the experiment 
during the summer of 1908 using a larger number of fishes. 
The caudal fin of each specimen was removed at the same rela- 
tive level on August 4 and the fish were placed in running sea- 
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TABLE I. 


Fundulus heteroclitus. 


Spec A Specific 
Length. Amount os! pecific Length. » Amount ‘ pecific 
Regenerated. Regeneration. Regenerated. Regeneration. 


4.57 cm. .57 cm. .1247 |! 6380cm.  .70 cm. .1029 
4.68 54 1154 ‘ 6.31 53 0775 
4.79 538 .1210 ‘ 6.86 64 0933 
4.87 .66 1355 6.89 59 0356 
4.90 -05 1311 59 6.90 -05 0942 
4.97 .60 .1201 6.94 59 .0550 
5.10 54 1058 6,96 .64 0919 
12 59 1152 6.97 .66 0946 
.16 58 1124 .10 62 .0873 
17 -54 1044 12 .52 0730 
.28 .60 -ILI7 .24 68 0939 
.30 61 AISI .26 80 .1102 
35 .64 1187 
.60 AI 
54 .0996 
.64 1178 
61 .1122 
53 -0974 
65 1134 
.09 .1250 
.60 1172 
OL IOS! 
.59 .1031 
78 .1308 
1158 
-1193 
1030 
.1000 
.1002 
.1090 
.0950 
1074 
.1302 
.1109 
.1000 .0683 
.1070 .0557 
.1094 3, 65 OdS13 
0774 
-1049 
.o801 
-0923 
.0g08 
.0877 
o812 
.0827 
,0962 
0710 
.OS15 
-0947 -0774 
-0942 .0740 
.0303 5 0575 
.0937 0628 
.0622 5 .0§ 90 
-0974 ‘ .0656 


-29 297 0905 
.29 .63 od64 
38 58 0786 
-39 .7O 0947 
.40 0757 
44 f 0927 
45 é o711 
45 : .0745 
.49 . 0007 
0720 
0053 
0005 
0975 
.0706 
og2I 
0945 
.0702 
0907 
.0798 
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water in the Biological Laboratory of the U. S. Bureau of Fish- 
eries at Woods Hole, Mass. I am indebted to Dr. Francis B. 
Sumner, the director of the laboratory, and to the commissioner, 
the Hon. George M. Bowers, for the facilities extended. The 
fishes were fed regularly until September 5, a period of a month, 
during which time new caudal fin tissue regenerated from the 
cut surface of each fin. The fishes were then removed, carefully 
preserved and later measured. There were alive, on September 
5, 108 Fundulus heteroclitus and 50 Fundulus majalis. Table I. 
shows the length, the amount regenerated and the specific regen- 
eration of each Fundulus heteroclitus. Following this is Table 


II. which shows the same with regard to the Fundulus majalis 
used, 


TABLE II. 


Fundulus majalis. 


Length Amount Specific 


Length. Amount Specific 
Regenerated. Regeneration. 


Regenerated, Reneneration. 


6.79 cm. .0O cm. .0899 26 8.08 cm. 47 cm. .0582 
6.95 58 0835 27} 8.13 39 .0480 

13 53 0743 28 8.18 .60 .0733 
29 54 .0738 29 | 8.20 50 0549 
40 55 0743 30 | 8.23 .40 .0485 
.40 45 0601 31 | 8.24 63 0764 
45 55 .0768 32 | 8.26 49 .0593 
49 55 0734 33 | 3.26 52 .0629 
49 55 0734 34 8.33 53 .0636 
50 49 .0658 35 | 8.45 49 .0580 
.50 55 9733 3 | 8.50 .50 £0419 
55 48 .0635 37 | 8.57 53 0618 
55 .40 ,05 30 38 | 8.60 .50 .0580 
.60 53 .0698 39 | 8.60 42 0488 
61 55 0722 40 | 8.67 44 0588 
67 53 .0691 41 | 8.72 57 .0654 
a7 55 .0708 42 | 8.75 39 .0466 
.80 55 .0705 43 | 8.80 .38 .0432 
84 35 .0446 44 | 8.96 | ,40 .0451 
88 .50 .0634 45 8.91 .46 0516 
8g 45 .0570 46 | 9.17 .50 .0545 
93 59 0744 47 | 9.20 .60 .0652 
.93 55 .0693 48 | 9.60 30 0318 
95 56 .0704 49 | 9.73 42 .0432 
.00 .40 .0500 50 | 10,50 .49 0466 
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On examining the specific regeneration in the case of Fundulus 


heterochitus there is seen to be a gradual fall in percentage from 


the shorter to the longer fishes. To make this more plain we 


can divide the fishes into groups ranging from the shorter to the 
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longer, differing in length from the adjacent groups by one half 
centimeter, find the average specific regeneration of each group 
and express the results as follows : 


Group, Range in Length, Number of Specimens. | Average Specific Regeneration. 
P & & 


wn 
| 


6 .1243 
13 .1108 
14 .1123 
7 .0885 
.0878 
-0843 
-0762 
.0672 
.0049 
-0§90 
.0656 


Louw & 


our WW = 
NAONONONd 


om! 
oo oon! 


9 
Io 


II 


SOO KONI AY 
MOnmNonNonou 


oo 
no 
- 
° 
° 


From this arrangement it would appear that the shortest 
regenerated 12 per cent. of their length while the longest regen- 
erated 6 + per cent. and that on the whole as the length of the 
fishes increases the percentage regeneration decreases. On the 
other hand if we run over the column giving the actual amounts 
of regeneration we see that in a general way they are much the 
same for the longer as well as for the shorter fishes. This be- 
comes evident when we ascertain the average actual regeneration 
for each of the groups mentioned above. This can be arranged 
as follows : 

Group I 2 3 6 ’ S ©» © 2 
Av. Reg., cm. .60 .59 .65 . 5: Oe! 5S 298 SF 553° 55 

On examining again the table giving the actual regeneration 
of each specimen we find some that may be regarded as extreme 
variants. These are nos. 24 and 33, in which the regeneration 


is .78 cm., no. 66 with a regeneration of .80 cm. and no. gg in 
/ § 9 


which the regeneration is .37 cm. 

If we make allowance for these and obtain new averages for 
the groups in which they occur our series will be as follows. 
We will disregard the last two groups on account of the small 
numbers of specimens. 


Group «= 4 5 6 7 
No. of Sp. 6 tg: 3 7; =a te 


Av. Reg., cm. Ge: op, 6 60: fe: fo. .:. iz 
If we compare the average regeneration of groups I and 2 


=p 


representing 19 fishes from 4.5 cm. to 5.5 cm. in length, with 
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the average regeneration of groups 8 and 9, representing 16 
fishes from 8.0 cm. to 9.0 cm. in length, we find that there is a 
difference of but .o25 cm. Again, if we compare the average 
regeneration of groups 2 and 3, representing 25 short fishes, 
with that of groups 7 and 8, representing 27 longer fishes, we 
find a difference of but .035 cm. The relation of the specific 
regeneration to the actual regeneration is represented by the fol- 
lowing diagram (Fig. 1) in which the base line represents the 
length of the fishes—the upper curve A-—# was formed by 
joining the points representing the specific regeneration in the 
various groups and therefore represents the relation of the 
specific regeneration to length. The lower curve, C—D, was 
formed by drawing a line through the points representing the 
actual regeneration in the various groups and therefore repre- 
sents the relation of the actual regeneration to length. It is to 
be noted that while on the whole the curve representing relative 
specific regeneration falls, at the same time the curve represent- 
ing the actual regeneration remains almost parallel with the base 
line although it will also be noted that there is an indication of a 


slight decrease in regeneration. There is a strong indication, 
however, that the longer fishes have regenerated almost as much 
tissue as the shorter in the same length of time. 

But what is the condition in the case of the Fundulus mazalis 
the results of the experiment with which are given in Table II. 
On arranging the results in a way similar to that used in the case 
of Fundulus heteroclitus we have the following : 


Group. Range in Length, Number Amount Average Specific 
of Specimens. Regenerated. Regeneration. 


2 59 cm. -0867 
7 52 -0709 
15 ‘ .0658 
11 ‘ -0594 
10 ; .0521 
2 ; .0598 
2 .36 -0373 
I 7 .0466 


owt Ww NN = 


om 


Here again it will be observed that there is a gradual decrease 
in the specific regeneration. The number of specimens in groups 
1, 6, 7 and 8 is so small that too much value must not be placed 
on them. Although the total number of specimens is smaller in 
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this case, yet it is seen that the average regeneration is about the 
same, although here again is observed the slight decrease. The 
average regeneration of groups 2 and 3, consisting of 22 fishes 
between 7.0 and 8.0 cm. in length, is .515 cm., while that of 
groups 4 and 5, consisting of 21 fishes between 8.0 and 9.0 cm. 
in length, is .475 cm., showing a difference of .04 cm. between 
the two groups. These results are shown graphically in Fig. 2, 
in which the curve A’—A’ shows the relation of the specific re- 
generation to length, while the curve C’—D’ shows the relation of 
the actual amount regenerated to the length. Turning to the 
results recorded in the former paper we find that they are less 
satisfactory on account of the smaller numbers. But arranging 
the results recorded there in a manner similar to that used here 
we find that on the whole the longer fishes regenerate almost as 
much as the shorter, although the indication of the slight diminu- 
tion of actual regeneration with age is not so clear, which may 
be due to the fact that there are less specimens in the various 
groups. 

The general result seems to be then that the amount of regen- 
eration in the period of time referred to appears to be about the 
same in fishes of all lengths, although there is an indication of a 
slight decrease in the case of increasing body length. 

Professor Zeleny in a paper to be published shortly (Oct., ’09) 
in the Journal of Experimental Zodlogy has found with respect to 
the regeneration of the tail of the salamander, Amdlystoma jeffer- 
sonianum that rate of regeneration was as follows: 


In a series 22.6 mm. Jong there was a regeneration of .39 mm. per day. 
‘ 26.5 ‘6 sé “ce -4I “ce 
sé 26.8 “ec ‘“ ‘6 -39 “é 
“ 51.6 se“ ‘ ‘ 32 sé 
oe 54.1 se se ee -27 ce 
These results agree with those described above. There is a 
maintenance of a high degree of regenerative power in the older 
specimens. There is also an indication of a slight decline such 
as we found in the case of the fishes used. 


In carrying on an extensive series of observations on the age 
of fishes Fulton (’06) estimated the age by finding the different 
modal lengths that occurred in a large number of specimens of a 
given species. Though the numbers used in this experiment are 
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far too few to enable one to estimate the exact age of the various 
groups yet reasoning as Fulton did we can at least say that the 
longer fishes are the older. Stating the matter in terms of age 
the above experiments appear to indicate that within the limits of 
age as represented in the series the actual regeneration is the 
same or slightly decreases with age. It may be objected that 
the longer (or older) fishes regenerated more in mass than the 
smaller and that therefore should we determine the mass for each 
specimen we might find that the larger regenerated more than 
the smaller. To answer this objection let us suppose that Figs. 
3 and 4 represent respectively the caudal fins of one of the shorter 


Fic. 3. 


and one of the longer fishes. The straight vertical line in each 
case represents the place of amputation. The dotted vertical line 
represents the outer limit of new regenerating tissue at the end 
ofa month. According to our results the perpendicular distance 
from the line a—c to the line d-d is nearly the same as that from 
e-f to g-h. When the amputation was made it left cells exposed 
along the surfaces represented by the lines a—c and e-~/ Ina 
short time the regeneration of new tissue began. In Wilson's 
“Cell,” 00, page 388, we find that ‘‘ measurements of cells from the 
epidermis, the kidney, the liver, the alimentary epithelium and 
other tissues show that they are on the whole as large in the 
dwarfs as in the giants. The body size depends on the total 
number of cells rather than on their size individually considered 
and the same appears to be the case in plants.” 

So we can conclude that the cells from which new tissue 
regenerates along the surface represented by the line a—c are of 


the same size as those represented by the line e—/._ It is apparent 
that the tissue along the direction of a-d has been formed from 
cells at a, and that the tissue along the line c—d from cells at c. 
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So for every point in the line a—c the tissue opposite every point 
in this line has been formed from cells in the line a—c outward 
in a direction perpendicular to that line. And so for the newly 
formed tissue in case of Fig. 4, the tissue opposite every point in 
the line e~f has been formed from cells in the line e—/ outward in 
a direction perpendicular to the line e-/ Of course in the case 
of larger fishes (Fig. 4) it is apparent that a greater mass of tissue 
is formed than is true of smaller fishes (Fig. 3). But is this not 
due to the fact that there are more cells along the surface repre- 
sented by the line e—/ from which regeneration can proceed than 
there are similar cells along the surface indicated by the line a—c. 
The solution of the problem as to the relation between age and 
rate of regeneration depends upon the results of measurements 
made in this manner. And by the amount of tissue regenerated 
has been and will be meant the length of newly formed tissue 
measured outward from the line of amputation. 


If the cells in the shorter and longer (younger and older) fishes 


have the same degree of activity then the same amount of tissue 
ought to be formed outward in a line perpendicular to the cut 
surface in the same length of time. This is seen to be practically 
the condition in the case of the experiments presented here. 
What explanation can be offered for this? Jordan, ’05, speaking 
of the growth of fishes says that ‘‘ Most of them grow as long as 
they live and apparently live until they fall victims of some 


’ 


stronger species.’ Fulton, ’06, gives the following law with re- 
gard to the growth of fishes: ‘‘ Fishes approximately double their 
size and increase their weight about eight times after they have 
Probably most of the fishes used in 
these experiments had reached sexual maturity. May we not 
then correlate this maintenance of a high degree of regenerative 
power with the continuous growth throughout the life of the 


members of this group. 


reached sexual maturity. 


But there appears to be a slight decrease in the amount regen- 
erated as the age increases. In computing the difference of the 
means and the probable differences between adjacent groups of 
the different series it was found in most cases that at least twice 
the probable difference was less than the difference of the means 
and only in case of extreme groups was the difference of the 
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means less than three times the probable difference. This indi- 
cates that in adjacent groups the amount of regeneration is very 
nearly the same, but that on the whole there is a tendency to- 
ward a decrease, as we pass from the younger to the older. We 
can sum up our results in this statement: The power to regen- 
erate new tissue remains remarkably active throughout life but 
as the fish grows older this power gradually diminishes, which 
after all is in agreement with Przibram’s law. This also is in 
harmony with the view that regeneration is a growth phenom- 
enon as shown above. Minot,’g0, says : ‘‘ There is a progressive 
loss of vitality going on probably throughout the entire period of 
life.” Kellicott, ’o8, found that the organs of the dog-fish which 
have to do with nutrition and therefore the growth of the organ- 


ism increase by constantly decreasing increments with increasing 


size of the animal. The slight decrease in regenerative power 


which we have noted above parallels then this slowly decreasing 
rate of growth characteristic of all animals, but which decrease 
is less evident in those forms having indeterminate growth such 
as fishes. 

Kellicott, in the paper referred to above, found that while the 
organs of nutrition have increments of growth successively 
smaller, yet the “muscles and supporting tissues seem to out- 
grow the brain and viscera leading ultimately to a loss of physio- 
logical balance within the organism.’’ But this decrease in 
growth of the organs of nutrition does not come on suddenly 
but gradually, so that it must eventually cause a gradual retarda- 
tion of the growth of the entire animal. If this be true and if 
the rate of regeneration is affected by the rate of growth, then 
we should expect to find evidences of gradual diminution in the 
rate of regeneration. We have seen an indication of this in the 
above experiments. Finally, it has been noted that mammals 
and birds have little power of regeneration as compared with 
amphibia and fishes. May not this be possibly correlated with 
the different types of growth which these groups possess. 
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SOME LIGHT REACTIONS OF THE MEDUSA 
GONIONEMUS. 


L. MURBACH. 


In the following notes it is my purpose to record some obser- 
vations I have made on the behavior of Gontonemus' to light, 
after the experiments made a few summers ago on the reactions 
of its subumbral papillz to light, and to include in the discus- 
sion points on which other observers are not agreed. I shall 
refer only to these publications. 

After observing the behavior of Gontonemus for a considerable 
time the following brief statements will be found to hold con- 
cerning their habits. As darkness approaches the medusz be- 
come restless in their native haunts where they are either lying 
inverted on the bottom, the apex of the bell being heavier, or 
clinging to plants and other submerged objects. Although all 
the tentacles in this species have adhesive pads near the free end, 
yet the animals attach by only a few, the remaining tentacles 
being spread out in all directions ready to catch their passing 
prey. When still daylight above the water it is becoming dusk, 
we may say, at their depth, and among the plants from one half 
to several metersdeep. Within an hour after dark the eggs and 
sperm are deposited and their intermingling in the sea water in- 
creases many times their chance of development. Thus their 


locomotion in early evening is of great value as then more eggs 


will be fertilized. The dehiscence of the eggs and sperm has 
been shown to be due to the diminution or withdrawal of light, 
and seems rather direct evidence of an external stimulus causing 
a physiological change. For considerable time after the dehis- 


1 There would seem to be no need of stating that the Woods Hole species is the 
one under consideration. The experiments on which these notes are based were made 
at the Marine Biological Laboratory, at intervals between other work in the summer. 
I gladly acknowledge the courtesy of the Director in continuing to grant the neces- 
sary facilities. It will be found that some points differ from a report made on this 
subject in the winter before the Michigan Academy of Science (Annual Report, 
1909) as I have been able to make additional experiments this season. 
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cence of the sex products the animals lie expanded on the bot- 
tom or suspended, and may remain so as long as the light con- 
ditions are the same, full darkness having set in. It is probable 
that much of their prey is captured at this time. As the light 
grows brighter above, they again move about until they get into 
weaker light which generally takes them into lower regions or 
into shaded places, in weak or subdued light. Whenever dis- 
turbed, especially by change of light intensity, this medusa 
swims about in all directions, stopping to float down with ex- 
panded tentacles and inverted bell. Again it displays a most 
striking behavior; it swims almost vertically to the surface of the 
water by pulsations of the muscular bell, turning over at the 
surface, expanding and gracefully floating down. Much has 
been made of this particular behavior by nearly all those who 
have observed Gonionemus for some time. It has been referred 
to as “fishing’’ and ‘surface reaction,” the latter term being 
more satisfactory because less anthropomorphic. The main fea- 
ture of this behavior is the swimming up toward the surface and 
floating passively down again after turning over at the surface. 
This may be renewed as long as the same stimulus acts, or until 
the condition of the medusa changes so that it no longer responds. 

From the foregoing it will be readily understood that these 
medusz are sensitive to light influences, getting away from 
strong light — especially during the earlier part of the day and 
afternoon — later again moving up toward the fading light. In 
general, Yerkes,” who has made most observations on the reac- 
tions of Gonionemus, says: “ Clearly, the animals are attuned, so 
to speak, to a certain range of light intensity, and are negative 
in their reactions to higher intensities.’ Any marked change in 
this intensity causes locomotion which under natural conditions 
brings the medusa into the light suitable for its life processes. 
Whether this optimum intensity is constant or changes with the 
activities of the animal has not been determined, but ordinary 
observation indicates that its range is not very wide ; it may be 
called weak light. 

On account of the influence of light on these meduse they 
collect in the weaker light of an ordinary glass aquarium placed 


2 Amer. Jour. Physiol., 1903, Vol. 1X., page 286. 
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before a window (cf. Fig. 1). If the light is still stronger than 
their normal they will continue in their attempt to get farther 
away. When the aquarium is evenly lighted with subdued light 
the medusz are evenly distributed and generally at rest. This 
may be brought about by darkening the window, and the room 
if necessary, until the light is uniformly weak. If, now, the side 


‘wary pasnyiqd 


Fic. 1. Top View. 


of the aquarium away from the window is darkened still more, 
then the medusz are again set into activity, moving about until, 
after some minutes, they will be found collected in the side of 
the aquarium near the window.’ In nature there is probably no 
collecting in groups, as they are not confined. 


DIRECTED MOVEMENTS. 

The main question in my mind has always been whether these 
medusz are really directed by light, or properly oriented, even if 
they could keep the course, 7. ¢., continue oriented or directed. 
My own experiments have led me to believe that the movements 
of Gontonemus in response to light are not so definitely directed 
by light as has heretofore been held, and that quantitative differ- 
ences near their optimum constitute the natural light stimulus. 
In regard to directed movement, Yerkes ‘* says: ‘ It is impossible 
because of the form of the medusa and its mode of locomotion, 


that the direction of its movements be as accurately determined by 
light stimulation as are those of . . . other animals whose structure 


permits of more accurate orientation in reference to the source of 
light.” While no doubt in a measure true, to me it seems that 
this statement is not wholly borne out by the fact that it can swim 


8 Because of the observation above I cannot agree with Morse that Gontonemus 
is not positively phototactic. 
* Amer, Jour. Physiol., 1902, Vol. VI., p. 448. 





LIGHT REACTIONS OF THE MEDUSA GONIONEMUS. 357 


in nearly straight lines when coming to the surface, in the so- 
called surface reaction. In fact, the only stimulus to which it 
seems to respond in pretty straight lines is gravity, though the 
question of the influence of light in the ‘surface reaction ”’ is 
difficult to decide.® Yerkes’s statement ® “‘ that the direction of 
its movement is definitely determined by light’ is based on analogy 
and not on experiment. In this paper’ such expressions as 
‘“* movement toward the source of light,” and ‘strong light . 

soon repels the animals” ; again, “‘an animal passes from the 
shadow into the sunlight” (page 305), I do not take to mean that 
the animals swam directly toward or from the light. However, 
if this is meant, the strongest argument in favor of the medusz’s 
swimming in a direct line not vertical is (page 282) where a 
medusa inhibited by strong light, starting up again, ‘‘ usually 
turns in such a way as to move back into the shaded region.” 
Morse * reports a similar experiment differing in that he observed 
the movement of medusz in the sunlit half of the dish, saying, 
‘the medusz begin to swim in all directions.” With this my ob- 
servations agree. Indeed, in Yerkes’s answer to this criticism of 
Morse’s, having repeated the experiment, he says: “I found that 
when the animals swam so far into the sunlit region before turn- 
ing over that they were entirely in the sunlight when they came 
to rest on the bottom of the dish, they moved away from the 
region of shadow about as often as toward it.””’ In this, then, 
he agrees with Morsc’s contention that the medusz do not turn 
directly toward the shadow and swim into it more often than away 
from it. In fact he adds (page 462) ‘‘ with the light perpendicu- 
lar to the bottom of the vessel I obtained the same results as 
Mr. Morse. There was no evidence of the directive influence of 
light.” "° But Yerkes (page 461) also points out that his infer- 


5 This ‘* surface reaction’’ has been observed in three species of the genus, geo- 
graphically far enough removed from each other that it seems to indicate an ancestral 
character. 

® Amer. Jour. Physiol., 1903, Vol. 1X., page 285. 

7 Amer. Jour. Physiol., 1903, Vol. 1X., p. 284. 

8 Jour. of Comp. Neurol. Psychol., 1906, Vol. XV1., p. 454. 

9 Jour. of Comp. Neurol. Psychol., 1406, Vol. XVI., p. 461. 

1° Page 462 Yerkes suggests that the contradiction between himself and Morse in 
regard to oblique light might disappear if Morse’s meaning of the term were more 
fully explained. Turning to Morse’s experiment we find (pp. 453-454) that he used 
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ence from his original experiment was correct for all medusz 
falling on the border between sunlight and shade so that “ part 
of the body is in the shadow.” 


Does Licur ORIENT Gontonemus ? 


Although Gonionemus does not move parallel to the direction 
of stronger light it has been held that its movements are directed 
by stronger light and that it thus gets from an unfavorable to a 
favorable light place by direct responses or movements suited to 
this purpose. Yerkes says:"' ‘ This is apparently accomplished 
by the more forceful and earlier contraction of that side of the 
bell farthest away from the shadow.” In the case of other 
stimuli (tactual and electrical) he had demonstrated this but not 
in the case of light. Though, page 285, we read: ‘ Observa- 
tion indicates that the side of the organism which is exposed to 
the most intense light contracts first and most strongly thus 


forcing the bell over,” yet there is scarcely the weight of proof 
in this observation. In a later paper Yerkes” says: “... 
brilliant illumination of one side of the bell . . . brings about 


movement toward the region of lower illumination.” This is 
based on an experiment of throwing sunlight on part of a 
medusa. He gives 66 per cent. as turning toward the region 
of lower illumination. 

Morse * restates the same explanation of the turning mechanism, 
and from the experiment of mutilating one side of the medusa 
shows that by the resulting one-sided contraction circle swim- 
ming is induced. In a later publication’ he has shown that 
light has the same effect, 7. ¢., to turn the animal. Half of a 
medusa in the dark was illuminated by a vertical beam of light. 
This caused “. . . the medusa to swim vertically upward, and 
it was only after it had pulsated three or four times that its path 
veered from the perpendicular. The result of one hundred trials, 
only sunlight falling perpendicularly, and in another experiment in which he used 
oblique light it had no reference to Yerkes’s former experiment. More medusz would 
fall in oblique light with bodies partly in the shadow than in vertical, 

"' Amer. Jour. Physiol., 1903, Vol. 1X., p. 284. 

12 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 461. 


13 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 451. 
4 Amer. Nat., 1907, Vol. XLI., p. 683. 
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upon different individuals in the main” gave 70 per cent. in 


favor of the view “that light has 2 directly orienting effect.” In 


considering this experiment we should know how many different 
individuals were used, and should bear in mind that the time 
limit for response was from five seconds to three minutes, and 
that the turning began to show only after several pulsations. 
This would seem to be different from Yerkes’s view which is 
that the medusz turn directly on stimulation by strong light. 

As my experiments were made before the above results were 
published, and they favor the view of Yerkes that strong light 
turns the animal immediately they may be added here. The 
first test was made by using a horizontal band of sunlight as 
wide as the aquarium, I cm. deep, and a little distance — 5 cm. 
— from the bottom. Darkening the aquarium momentarily was 
the means of starting the medusz swimming up toward the band 
of light. Usually five or more medusz were used to begin the 
experiment. Forty-three per cent. were turned back by the band 
of light, away from the source ; 33 per cent. turned toward the 
source; and 24 per cent. swam straight through the band of 
sunlight.” Now it was thought that an oblique band of sun- 
light (similar to Fig. 3) would be more decisive, as one side of 
the up-swimming medusa would be stimulated, not only more 
strongly, but in advance of the other. In this case 50 per cent. 
of the medusz turned away from the direction of the sunlight 
and 41 per cent. toward it; 9 per cent. did not respond. A re- 
laxed medusa, allowed to float bell downward, showed a more 
striking result on touching the oblique band of sunlight. It 
turned, and after swimming upward a few strokes, floated down, 
only to do the same on striking the band; the next time it floated 
through and on emerging below turned in the opposite direction, 
again away from the band of sunlight, but it continued in a circle 
which again carried it up through the sunlight. 

There is enough difference in methods employed in our ex- 
periments to leave no doubt that the medusz do turn at a sudden 
transition into strong light, especially when they are in very weak 

15] am compelled to agree with Morse that the collecting of this medusa in strong 


sunlight is not a normal reaction, but rather due to previous excessive stimulation of 
some kind. 
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light. Morse obtained his result with a limited number of rest- 
ing or moving medusz. From the conditions of his experiment 
we may infer that in some cases he did not get a response in less 
than three minutes. In my own experiments I rejected any re- 
actions that did not take place within a minute after the stimulus 
was applied. As to the direction of turning into or away from sun- 
light there is not so great uniformity. Had I taken a few cases 
like the one of the relaxed medusa above, I would have gotten 
high percentages. As it is, I have a large enough result (56 per 
cent.) to conclude with others that Gonionemus turns away from 
strong light. But on carefully observing this turning it is evident 
that not in many cases do the medusz turn in such a way that 
their continued swimming would take them parallel with the light 
direction. Not infrequently they turn back into the strong light, 
as has also been observed by others,” or are not turned far 
enough. Is not Morse’s ingenious explanation, given below, also 
a tacit admission that the mere turning by strong light does not 
cause a medusa to move parallel to the light direction? This 
turning, therefore, cannot be considered true orientation, and 
would not lead to swimming directly away from the source of 
light. But since it has been shown to be a response to strong 
light, the question remains as to its use to the organism. In 
nature the medusz are probably exposed to sunlight only when 
they are disturbed and swim to the surface, or when the location 
of one is exposed as the sun’s rays come in a different direction. 
If now the medusz were to be oriented and swim away from the 
light it would take them downward, as Morse” has already 
pointed out. It is to be noticed also that both in nature and in 
aquaria, the bottom prevents this, and in a measure compels 
swimming toward the region of lesser illumination if the turning 
by light has been anywhere within half a sphere. It will be seen 
that this behavior, repeated, even if no further directed move- 


ment takes place, will be helpful in temporary escape from strong 
sunlight. 


Ways OF GETTING INTO OptTimMuM LIGHT. 


If I have succeeded, so far, in making my position understood 
the question will naturally arise, How do the medusz get into 


16 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 455. 
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favorable light areas? Although Yerkes does not hold it so, I 
believe he has indicated one way in his observation: ‘ When 
an individual in swimming about chances to cross from the sunlit 
region into the shadow, it very quickly ceases swimming and 
sinks to the bottom.’’ In another connection but bearing out 
the same point, Morse has this to say —‘“ being in motion 
almost incessantly, and swimming in all directions, it is obvious 
that sooner or later they will enter the dark area. Once having 
entered this area, the stimulating effect of sunlight being cut off, 
they remain as in atrap.” Even if we do not hold that only 
light stimulates, or that optimum light acts like a trap the ex- 
planation may hold. 

More recently Morse’ has described a way in which Gonio- 
nemus may get from a location that is unsuitable with respect to 
light to a more suitable one. A medusa was placed in the end 
of an aquarium through which the sunlight was reflected hori- 
zontally. The medusa swam to the surface in characteristic 
fashion, each time bending its upward course a little farther from 
the vertical, and therefore away from the source of light. Thus 
ultimately it got to the farther side of the aquarium, into weaker 
light. The promising feature of this explanation is that it is 
based on the peculiar habit of the animal — swimming to the 
surface when disturbed. The other case that Morse records of 
a ‘‘ strong swimmer ’’ moving directly toward the less illuminated 
end of the aquarium I should consider an exception, as in repeat- 
ing the experiment I have observed that some medusze move 
almost directly to the lighter end after proceeding, by stages, to 
the darkerend. In my trials I have found that about 25 per cent. 
get to the farther end of the aquarium by the method indicated, but 
instead of its being a regular method of progression it seemed to 
me to be characterized by irregularity. This may be due to the 
fact that Morse seems to have worked with few individuals, 
whereas I placed a number in the aquarium at the beginning of 
the experiment and added to these as the experiment progressed, 
so as to get results representative of more than individual be- 

"' Amer. Jour. Physiol., 1903, Vol. 1X., p. 282. 


18 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 454. 
19 4m. Nat., 1907, Vol. XLI., p. 684. 
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havior.” While the majority of the medusz in the experiment 
finally reached the less illuminated end of the aquarium they did 
so by regularly swimming about, resting longer each time they 
had progressed farther from the light anda shorter time between 
swimming intervals that again took them toward the light. A 
few came to rest in the lighter end of the aquarium, as almost 
always happens in light experiments. 

Now if the medusz do not swim directly toward weaker light 
and are not turned definitely in such direction, even after trials, 
at any time, their collecting in weaker light might still be 
accounted for by the above explanation, if this could be elevated 
to the dignity of a method. That is, each time a medusa gets 
into an optimum light it remains longer, and when in an unfavor- 
able light field remains a shorter time, and thus more and more 
of them will get together in these optimum places.*! 

From the foregoing it will be seen that there are several ways 
in which Gonionemus gets away from the strong light into an 
intensity best suited to its activities, without the intervention of 
tropism or ‘‘trial.’’ If its only mode of locomotion, or even the 


chief one, to stimuli were the up-swimming “surface reaction ”’ 
then it would plainly be “trial,” or “‘ motor reaction.”’ 


CHANGE OF INTENSITY AS A STIMULUS. 


In Yerkes’s earlier statements * about the relations of Gonione- 
mus to light the words increase and decrease of light intensity 
are used, but only in his later answer to Morse’s criticisms * does 
he make the statement that he has ‘abundant evidence that 
change in intensity of light stimulates the medusa.”’ I had exper- 
imentally come to the same conclusion. 

When the medusz are at rest darkening the aquarium or 
shading one with an opaque object, such as the hand, is sufficient 

Once I observed a medusa that seemed to follow pretty regularly a movable 


slit admitting stronger light into a darkened aquarium. Although it was pronounced 
I could not confirm the reaction in other specimens. 

21 After writing the above | find Mast (‘‘ Light Reactions in Lower Organisms, 
II., Volvox, *’ Jour. Comp. Neurol. Psychol., Vol. XV1I., p. 169) has similarly ex- 
plained the aggregation of Vo/vox in optimum light. 

2 Amer. Jour. Physiol., 1902-3, Vols, VI. and IX. 

3 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 460. 
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to start movement in a few seconds; again, by throwing stronger 
light with a small mirror on any medusa it can be made to move 
about. Indeed, the one or the other of these ways was gen- 
erally used in my experiments to get motor reactions. Next 
some experiments were made to determine the height to which 
Gonionemus would swim after a single stimulation by change of 
light intensity. Eight medusz were placed in a hydrometer jar 
72 cm. deep and g cm. in diameter. When they had come to 
rest in the bottom of the jar they were stimulated by dark- 
ening the room until the medusz could just be seen. They swam 
to the top, at intervals, somewhat irregularly. The shades were 
now quickly raised and thus the top of the jar illuminated with 
strong diffused daylight. Three meduse swam downward so 
directly as not to touch the sides of the aquarium — not varying 
g cm. from their course. Five floated down part way and then 
two turned and swam the last third of the way down. In another 
trial, out of three at the top one swam down 31 cm. without 
touching the sides of the glass jar. This, it would seem to me, 
is in the nature of proof that change of light intensity starts and 
gravity directs the downward course. 


Some Moorep Points. 


In regard to the question whether the decrease or the absence 
of light (darkness) is a stimulus for motion or inhibition there 
is difference of opinion. Yerkes in his first paper ** on Gonionemus 
says “‘ Romanes’s statement that change from light to darkness is 
inhibitory of action is not very apt.”’ He adds, it ‘‘is merely the 
absence of any motion producing stimulus.”’ In a later paper 
on this medusa, however, he™ says “ decrease in light intensity 
temporarily . . . inhibits activity.” Morse* from practically 
the same experiment that Yerkes used concludes that “ we have 
no inhibition of movement in passing from light to darkness. 
In the dark the stimulating effect of light is absent and hence the 
movements ultimately cease.””’ Yerkes” does not agree with this 

4 Amer. Jour. Physiol., 1902, Vol. V1., p. 445. 

*% Amer. Jour. Physiol., 1903, Vol. 1X., p. 282. 


6 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 453- 
2" Jour. of Comp, Neurol, Psychol., 1906, Vol. XVI., p. 460. 
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criticism but modifies his former statement to say “a consider- 
able decrease causes a more gradual cessation of activity.” I 
have no doubt that he has the correct solution of the question, 
as shown by the experiments above, when he says — “ the change 
in intensity of light stimulates the medusa.” In other words, 
then, a change in light intensity not only stimulates a resting 
medusa to move but it may bring a moving individual to rest. 
This is in accord with well-known facts in the behavior of 
other animals. 

This leads to another point under discussion, z. ¢., whether or 
not ‘the reactions of a swimming organism are different from 
those of one at rest.”** Morse™ believes they are not and sup- 
ports his contention with an experiment of letting light fall on 
one half of a medusa resting in the dark ; then on the half of a 
swimming individual. In swimming up both turned from the 
vertical. It is clear that the discrepancy is based on a misappre- 
hension. To take Morse’s own case as an illustration : the light 
let fall on the resting medusa set it in motion and beyond this, 
the light produced the same reaction, as it was really in each case 
falling on a swimming medusa. Therefore Yerkes’s statement 
above is correct.™ 


SURFACE REACTION. 

While there is no doubt that the up-swimming of Gonionemus 
is directed by gravity as stated by Yerkes,” nevertheless light 
seems to be a more important factor than he holds. Indeed I 
may say it is a necessary concomitant as may be seen from what 
follows. That it is not directive Yerkes (page 281) has shown 
by his experiment of using bottom illumination. The medusze 
move up to the surface and turn over normally. But casual 
observation of the upper surface of the water shows that it is 
sufficiently illuminated from the bottom to allow the medusz to 
come to the top. So I substituted lateral illumination through 
an opening near the bottom of the aquarium. The aquarium 

% Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., Morse, p. 452; Yerkes, 
p- 462. 

29 Amer, Nat., 1907, Vol. XLI., p. 683. 


* Other points are covered in foot-notes 3, 10, 15, pages 356, 357, 359, also page 365. 
31 Amer. Jour. Physiol., 1903, Vol. IX., p. 281. 
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was otherwise darkened on all sides and reflection reduced as 
much as possible by filtering the water. Now the meduse swam 
near the bottom, 8 cm. being the greatest height reached. Asa 
control, bottom illumination was then used and immediately one 
of the animals swam to the surface and one came near it. Three 
other experiments were made, and the most striking case was 
that of one medusa swimming through the light band fourteen 
times in 72 seconds without reaching top or bottom. When 
the aquarium was so much darkened that I could not see the 
medusz, sudden illumination showed that they had attached by 
their tentacles to the sides or bottom. Thus the presence of 
light seems necessary for the regular up-swimming activity of 
Gontonemus and gravity then acts as a stimulus to direct it. 

In regard to the part light plays in the surface reaction, 
Yerkes says: “. . . although light seems to be one of the im- 
portant conditions for this reaction, it may occur in the absence 
of light.’”” My experiments just cited show that the last part of 
this statement is not tenable and that the first part is correct. 
The chief importance of light in bringing Gonionemus to the 
surface, it seems, is in keeping the medusa negative to gravity. 

Morse* incorrectly, believing that Yerkes held that light 
causes the inversion at the surface, denies this, and concludes 
“the cause for reaction is not evident.” Later® he explains the 
inversion the same as Yerkes had previously done” by assuming 
that the apex of the bell is thrust unevenly above the surface. 
Now as the apex of the bell is heavier we no doubt agree that 
gravity causes the inversion, though not as a stimulus. 

As the inversion at the surface is preceded by inhibition of 
contraction the question arises whether this is due to strong 
light. Yerkes and Morse have observed that medusz do not 
stop and turn (invert) when made to swim up against a heavier 
substance than air, such as a board, a glass plate, a layer of olive 
oil, but they continue to swim against these layers until ex- 


32 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 458. 

88 Jour. of Comp. Neurol. Psychol., 1906, Vol. XVI., p. 451. 

3t Amer. Nat., 1907, Vol. XLI., p. 686. 

35 Amer. Jour. Physiol., 1903, Vol. 1X., p. 281. 

36 Amer. Jour. Physiol., 1903, Vol. IX., p. 281. 

31 Jour. Comp. Neurol. Psychol., 1906, Vol. XVI., pp. 450, 451. 
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hausted. The fact that inhibition and turning do not take place 
under glass indicates that light does not cause either. The above 
observations suggested to me that contact of the apex of the 
bell with air may cause cessation of movement. This idea is 
apparently supported by holding a layer of air imprisoned 
under a petrie dish cover some distance below the surface of the 
water. The animals respond the same as at the surface. 
Nevertheless, longer observation of the behavior suggests that 
it is after all, perhaps, nothing more than the recoil of a last 
ineffective, stroke ; something as when a person, finding one less 
step than he expected at the top of a stairway, does not immedi- 
ately contract his muscles for another step but loses his equi- 
librium. Light not being the cause of the inversion (with 
Morse), nor of inhibition, no further discussion is warranted 
here. 


ARE THE Mepus@ Direcrep sy Licut Rays? 
Morse™ has decided from an experiment with oblique illumina- 


tion over the end of a shaded aquarium, because the medusz col- 
lect in the ray-direction-end of the aquarium rather than in the 


shaded end, that “ the direction of the ray of light is the important 
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factor in orientation.”” Has he not left out of consideration another 
important factor, that of light intensity in the aquarium? Change 
of intensity has already been shown to be the important stimulus 
in reactions to light, nevertheless, it seemed worth while to test 
whether it is ray direction or intensity that determines where the 


38 Jour. Comp. Neurol. Psychol., 1906, Vol. XVI1., pp. 450, 451. 
%% Amer. Nat., 1907, Vol. XLI., p. 684. 
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medusz will collect. The following experiments were tried: 
The aquarium used in previous experiments was placed before an 
open west window at three o’clock in the afternoon, in good dif- 
fused daylight. In fifteen minutes the majority of the medusz had 
retreated to the end of the aquarium away from the window (Fig. 
1, p. 356). Now a large mirror (, Fig. 2) was placed vertically 
against one corner of the aquarium away from the window, so as 
to throw light across the end of the aquarium. In fifteen minutes 
most of the medusz had collected in the opposite corner of the 
aquarium away from the window and where the light was least 
intense. The mirror was now placed at this corner and record 
again made in fifteen minutes. Many of the medusz were scat- 
tered about, but again there was a larger number collected in the 


corner farthest from the sources of light. In two other experi- 
ments a sort of spot-light effect was produced, by having the 
aquarium darkened except at one end, and a vertical strip 
(Fig. 3) at one side next the open end so as to throw sunlight 
across the open end diagonally. There was also a slit near the 
top of the closed end of the aquarium for a band of sunlight or a 
mirror beam. The medusz gathered farthest from the source of 
light when sunlight was passed through the end of the aquarium. 
Now crossing this sunlight by a beam from a small mirror, 
through the slit, made the meduse leave the place where the 
light overlapped — where it was more intense. The position of 
the sunbeam and mirror was reversed with a corresponding re- 
sult. In this case the mirror was held high enough so that its 
circumscribed area of reflected light fell on the farther corner of 
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the aquarium, leaving a place of high intensity where the band 
of sunlight fell, but not so high as that where the two overlapped 
(Fig. 3). Other portions of the aquarium seemed to be of too 
low intensity, as the medusz remained in the lighted portions. 
The effect of relative intensities was then seen by lowering the 
mirror so that its beam was projected horizontally across the band 
of sunlight. Again there were more medusz in the corner farthest 
from the two sources of light (compare Fig. 2). In the final test, 
sunlight was admitted through a slit near the bottom of the 
aquarium and the mirror placed back of the aquarium in such a 
position as to throw reflected light obliquely against the sun- 
light, as it were (Fig. 4). Now the medusz collected some dis- 
tance from the back of the aquarium in the region of lesser in- 
tensity. Finally, that it is relative intensity and not ray direction 
is also shown by a former experiment (page 359) where medusz 
turned away from an oblique band of sunlight in a darkened 
aquarium. They turn nearly as often toward as from the source 
of light. Ray-directing, seems to me, out of the question. 


SUMMARY. 

1. The medusz do not usually direct their movements to favor- 
able locations but continue swimming at random until they come 
into an optimum environment, where they settle down. 

2. Intense light turns medusz away, thus avoiding injury. 


* 


3. Change of light intensity is the stimulus for reactions to 


light. In pronounced decrease, the change of intensity causes 
inhibition. 


4. Relative intensity in the field, not ray direction, determines 
the place of rest. 


5. Light is necessary for the up-swimming activity, though not 
directive— this being due to gravity. 

6. Contact of the bell with air and the accompanying recoil 
probably causes the inhibition that precedes inversion of the bell 
at the surface. 
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